Abstract Human bronchial epithelial cells exposed to synthetic double-stranded RNA (poly I:C) exhibited increased IL-6 and RANTES secretion and TLR2 expression that was inhibited following TLR3 silencing. Increased NF-κB and Stat3 phosphorylation were detected after poly I:C exposure and pretreatment with neutralizing antibody targeting IL-6 receptor α (IL-6Rα -nAb) or blocking Jak2 and Stat3 activity inhibited Stat3 phosphorylation. TLR2 up-regulation by poly I:C was also reduced by IL-6Rα-nAb and inhibitors of Jak2, Stat3 and NF-κB phosphorylation, whereas RANTES secretion was unaffected, but abolished following NF-κB inhibition. Treatment with exogenous IL-6 failed to increase TLR2. These findings demonstrate that TLR3 activation differentially regulates TLR expression through autocrine signaling involving IL-6 secretion, IL-6Rα activation and subsequent phosphorylation of Stat3. The results also indicate that NF-κB and Stat3 are required for TLR3-dependent up-regulation of TLR2 and that its delayed expression was due to a requirement for IL-6-dependent Stat3 activation.
Introduction
Airway epithelial cells respond to viral infection through activation of multiple pathogen recognition receptors (PRRs) capable of detecting a variety of pathogen-associated molecular patterns (PAMPs). Double stranded RNA (dsRNA) generated during intracellular replication of viruses or the synthetic analog, polyinosinic polycytidylic acid (poly I:C) represents a viral molecular pattern that is recognized by Tolllike receptor 3 (TLR3). Additionally, airway epithelial cells express the cytoplasmic helicase proteins retinoic-acidinducible gene I (RIG-I) and melanoma-differentiationassociated gene 5 (MDA5), jointly classified as RIG-like receptors (RLRs), which have also been implicated in the recognition of viral dsRNA and poly I:C (Yoneyama et al. 2004 (Yoneyama et al. , 2005 . RLRs exhibit RNA size-dependent activity, with RIG-I being activated by shorter, and MDA5 by longer dsRNA molecules. The longer synthetic dsRNA sequence of poly I:C appears to be preferentially recognized by MDA5 but not RIG-I (Yoneyama et al. 2004 (Yoneyama et al. , 2005 .
TLR3 interacts with the Toll/IL-1 receptor (TIR) domaincontaining adaptor inducing IFN-β (TRIF) protein to mediate downstream signaling (Alexopoulou et al. 2001; MarshallClarke et al. 2007; Yoneyama and Fujita 2007) . Conversely, both RIG-I and MDA5 possess caspase activation and recruitment domains (CARD) that signal through the IFN-β promoter stimulator-1 (IPS-1) pathway (Yoneyama et al. 2004 (Yoneyama et al. , 2005 Yoneyama and Fujita 2007) . Following ligation of viral dsRNA or poly I:C, both TLR3 and RLRs initiate signaling pathways that induce activation of multiple transcription factors including interferon (IFN)-regulatory factor 3 (IRF3), IRF7 and/or nuclear factor-κB (NF-κB). IRF and NF-κB pathways induce the transcription of type I interferons (IFNs) (IFNα and IFNβ) and pro-inflammatory cytokines/chemokines including the neutrophil chemoattractant, interleukin-8 (IL-8/CXCL8), Regulated on Activation, Normal T cells Expressed and Secreted (RANTES), pleiotropic antiviral cytokines IL-6 and IL-1β and pro-inflammatory cytokines such as TNF-α (Gern et al. 2003; Monick et al. 2003; Sasai et al. 2006; Matsukura et al. 2007; Bowie and Unterholzner 2008; Thompson and Iwasaki 2008; Melkamu et al. 2009 ). In vivo experiments with poly I:C revealed that MDA5 is essential for poly I:C-induced IFN-α production and that TLR3 signaling is critical for IL-12 production, whereas both MDA5 and TLR3 regulate IL-6 transcription and secretion (Kato et al. 2008) . Other signaling pathways including Janus kinase (JAK)/Signal Transducer and Activator of Transcription (Stat), mitogen-activated protein (MAP) kinases, and phosphoinositide-3-kinase (PI3K) have also been implicated in viral infection (Costa-Pereira et al. 2002; Bandyopadhyay et al. 2010) .
In addition to eliciting the production of antiviral and proinflammatory cytokines, dsRNAs and poly I:C also induce the expression of TLRs (TLR2, TLR3) non-TLR (RIG-I, MDA5, PAR4, P2Y 2 ) receptors, adaptor proteins and co-receptors including MyD88, TRIF, CD14 and Dectin-1 in various cell types including airway epithelial cells and smooth muscle cells (LeVine et al. 2001; Ritter et al. 2005; Sukkar et al. 2006; Lim et al. 2009; Melkamu et al. 2009 ). Most of these molecules serve as sensors of or signaling proteins for molecular patterns of viruses, bacteria, and fungal allergens, suggesting that dsRNAs can influence the immune response of the airway epithelium to bacterial and fungal infections. A recent study of esophageal epithelial cells demonstrated that poly I:C induced NF-ĸB-dependent TLR2 expression leading to enhanced epithelial responsiveness of cells to TLR2 ligands (Lim et al. 2009 ). Others have shown functional modulation of airway epithelial cells by dsRNA leading to an overall sensitization of the airway epithelium to TLR2 ligands, but the molecular mechanisms were not identified (LeVine et al. 2001; Melkamu et al. 2009 ).
In the present study, the mechanism by which dsRNAs activate the Stat3 pathway and induce TLR expression was investigated in human airway epithelial cells. The hypothesis was that dsRNAs stimulate TLR3 resulting in the release of specific cytokines that act as autocrine signaling molecules on receptors that signal through Stat3. This mechanism would serve to increase the diversity of signaling pathways activated during initial exposure to dsRNAs and increase the number and variety of target molecules regulated in response to viral infection. The results of the experiments identified IL-6 as a critical, rapidly released cytokine that functions as an autocrine signaling molecule to induce Stat3 activation required for increasing TLR2 expression.
Materials and methods

Materials
Poly I:C was obtained from InvivoGen (San Diego, CA), Stat3 blocker, 5,15-diphenylporphine (5, 15-DPP), NF-ĸB blocker, Bay11-7032, Jak2 blocker, Tyrphostin AG 490 (AG490) and DMSO were purchased from Sigma-Aldrich Inc. (St. Louis, MO). Polyclonal anti-human IL-6Rα antibody (IL-6Rα-nAb, AB-227-NA) and polyclonal normal goat IgG as an isotype control for IL-6Rα-nAb (IL-6Rα-isotype cAb, AB-108-C) and all reagents for ELISA assays were purchased from R&D systems (Minneapolis, MN). All reagents were freshly prepared for each experiment. Pharmacological blockers or neutralizing antibody were pre-incubated with the cells for 2 h before activating with poly I:C or IL-6.
Cell culture
Immortalized human bronchial epithelial (HBE) cells were obtained from Dr. Fekadu Kassie (Masonic Cancer Center, University of Minnesota). HBE cells were originally immortalized by introduction of genes encoding cyclin-dependent kinase-4 and human telomerase reverse transcriptase (Ramirez et al. 2004 ). The cells were plated either into 6-well or 12-well plates containing bronchial epithelial growth medium (BEGM, Cambrex, Walkersville, MD) supplemented with defined growth factors and retinoic acid from a singleQuot kit (Cambrex, Walkersville, MD) and were incubated at 37°C in a humidified 5 % CO 2 atmosphere.
Silencing of TLR3 and Fluorescence-activated cell sorting (FACS) Silencing TLR3 receptors in HBE cells was accomplished by lentiviral short hairpin (sh)RNA expression using shRNA constructs obtained from the RNA interference (RNAi) Consortium (TRC) library. Lentiviral constructs were prepared at the RNAi core facility maintained by the BioMedical Genomics Center at the University of Minnesota. The pGIPZ Lentiviral shRNAmir construct with Green Fluorescent Protein (GFP) reporter (clone V2LHS_171349, Accession # NM_003265) was used to silence TLR3 in HBE cells. HBE cells were also transfected with pGIPZ lentiviral vector without the shRNA insert (empty vector) for generating vector control cells. Incorporating GFP within the vector enabled flow cytometric sorting of cells expressing the TLR3-shRNA instead of relying on more time-consuming antibiotic selection methods. All flow cytometry sorting was performed in the Flow Cytometry Core Facility at the Stem Cell Institute, University of Minnesota. Cell sorting was performed using a FACS Vantage Sorter (Becton Dickinson) capable of three excitation lines: 488 nm, 340-360 nm, and 633 nm. HBE cells transfected with GFP-containing lentivirus were re-suspended at 3×10 6 cells/ml in HBSS in 1 % FBS. Samples were gated on live cells and collected in culture media appropriate to the designated experiment. Collected HBE cells expressing shRNA were further propagated and the level of TLR3 silencing determined by qRT-PCR.
Experimental conditions and collection of fluid samples and cell lysates HBE cells were grown on 6-well or 12-well plates in medium containing BEGM until they were used in experiments. To determine the mechanism of poly I:C-induced TLR2 upregulation, confluent HBE cells were pretreated with blockers for 2 h and then treated for a second time period with poly I:C and/or IL-6 in additive-free media. Conditioned media was then collected, snap frozen in liquid nitrogen, and stored at −80°C until use. Monolayers were then washed with base medium and treated with Trizol or RLTlysis buffer for RNA isolation and/or RIPA buffer to collect protein for Western blotting.
Quantitative RT-PCR (QRT-PCR)
Total RNA was extracted from the lysed cells using Trizol extraction (Invitrogen Inc., Carlsbad, CA) or RNeasy (Qiagen, Valencia, CA) and treated with DNase I (Qiagen, Valencia, CA) according to the manufacturer's instructions. Single stranded cDNA was prepared with 500 or 1,000 ng of RNA with SuperScript II reverse transcriptase (Invitrogen Inc., Carlsbad, CA) and random primers. Primer sets for the target genes were developed using Primer 3 software or taken from published work and all sequences developed for this study are reported in Table 1 . Aliquots of cDNA equivalent to 25 ng of total RNA were used for qRT-PCR reactions, which were carried out using SYBER green detection from Strategene (La Jolla, CA). Real-time fluorescence was measured for 45 cycles and mRNA levels between treatment and controls were evaluated by comparing cycle thresholds (Ct) for target genes. Expression of mRNA was normalized to the median expression of GAPDH. Specificity and level of the different mRNA transcripts were assessed by analysis of melting point dissociation curves.
Western immunoblotting
Protein samples from monolayers of cells were prepared by homogenizing cell pellets in ice-cold RIPA lysis buffer (Santa Cruz biotechnologies Inc., Santa Cruz, CA), then centrifuged (14,000 × g for 20 min) and supernatants stored at −80°C until use. The protein content of the samples was determined using the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). For Western immunoblotting, 50 μg of protein was loaded onto 4-12 % Novex Trisglycine gels (Invitrogen Inc., Carlsbad, CA) and run for 60 min at 200 V. The proteins were then transferred onto a nitrocellulose membrane (Invitrogen Inc., Carlsbad, CA) for 1 h at 30 V. Subsequently, membranes were blocked in 5 % Blotto nonfat dry milk in Tris buffer containing 1 % Tween 20 for 1 h and probed overnight with the following primary antibodies: anti-phospho-Stat3, antiphospho-NF-κB (obtained from Cell Signaling Technology, Beverly, MA and used at a dilution of 1:1,000.), anti-IL-6Rα (1 μg/mL of AB-227-NA from R&D systems, Minneapolis, MN) anti-TLR2 (C-19, sc-8690) and anti-beta-tubulin (purchased from Santa Cruz Biotechnology, Inc., Santa Cruz, CA and used at a dilution of 1:200). After incubating the membranes with the respective secondary antibodies (goat antirabbit IgG; 1:5,000 for phospho-antibodies and donkey antigoat IgG-HRP, sc-2020, 1:3000 for TLR2; and goat antimouse IgG-HRP, sc-2005, 1:3000 for ß-tubulin,) for 1 h, chemiluminescent immunodetection was used. Signals were Measurement of IL-6 and RANTES secretion into the media and TLR2 protein in the lysate Specific quantitation of selected cytokines (IL-6 and RANTES) present in the conditioned media was performed using appropriate ELISAs (Duoset ELISA kits for IL-6 and RANTES, R&D systems, Minneapolis, MN). We have previously shown that IL-6 is induced by poly I:C treatment of HBE cells (Melkamu et al. 2009 ) and RANTES is known to be a signature cytokine secreted in response to poly I:C. Moreover, the observation that no endogenous secretion of IL-6 or RANTES was detectable in HBE cells indicated that these cytokines would provide a sensitive measure of cell activation following poly I: C treatment. The Duoset ELISA assay was also employed to measure TLR2 levels in cell lysates.
Statistical analysis
All data are reported as the mean ± SEM. Data were analyzed using either an unpaired, two tailed t test where appropriate or ANOVA with Tukey post-test for multiple comparisons. Differences between mean values were considered significant when p<0.05.
Results
Silencing TLR3 reduced poly I:C-mediated induction of TLR2 expression Short hairpin RNAs (shRNAs) targeting TLR3 (shTLR3) were introduced into immortalized HBE cells using a GFP-labeled lentiviral vector and selected by fluorescence-activated cell sorting to obtain an enriched population of shRNAexpressing cells. In addition, a cell line expressing the empty vector was also prepared to serve as a control. TLR3 mRNA expression, measured by qRT-PCR was reduced by 78 % compared to vector control cells (Fig. 1a) . Expression of mRNA for non-TLR dsRNA-sensing cytoplasmic helicase proteins (RIG-I and MDA5) were also detected in HBE cells by qRT-PCR. However, TLR3 silencing was specific to the cognate receptor and did not significantly affect expression of RIG-I or MDA5 (Fig. 1a) . The effects of poly I:C and TLR3 silencing on TLR2 expression was evaluated by comparing shTLR3 expressing cells with vector control (vHBE) cells after exposure to 10 μg/mL poly I:C for 24 h. The results showed that poly I:C increased TLR2 mRNA expression in vHBE cells by 38.5 fold (Fig. 1b) . In contrast, poly I:C induced TLR2 expression in shTLR3 cells was reduced by an order of magnitude to 3.2 fold (Fig. 1b) indicating that up-regulation of TLR2 mRNA following stimulation with poly I:C was primarily dependent on TLR3 activation. TLR2 protein expression, assessed by ELISA, also increased by 10 fold after poly I:C exposure in vHBE cells, however TLR3 silencing reduced this effect to 3.6 fold in shTLR3 cells (Fig 1c) . Furthermore, mRNA expression of other receptors including TLR3, RIG-I, and MDA5 were also shown to be significantly increased by poly I:C and significantly reduced (by 2.6, 7.6, and 7.0 fold respectively) following TLR3 silencing (Fig. 1b) .
TLR3 silencing abrogated poly I:C-stimulated secretion of selected cytokines
To assess the time course of IL-6, RANTES and TLR2 protein expression in response to poly I:C exposure, vHBE and shTLR3 cells were incubated in additive-free tissue culture media with or without poly I:C (10 μg/mL). Conditioned media and cell-lysates were collected from monolayers after 0, 3, 6, 12, 24, and 48 h of incubation. Concentrations of IL-6 (Fig. 2a) and RANTES (Fig 2b) in the media and TLR2-protein levels in cell lysates (Fig. 2c) were assayed by ELISA using commercially available kits. In vHBE cells, detectable levels of IL-6 secretion were observed within 3 h after addition of poly I:C and reached a maximum and sustained level of secretion at 12 h. The effect of poly I:C on IL-6 secretion was essentially abolished after TLR3 silencing. RANTES secretion was detectable 6 h after poly I:C stimulation and remained maximally elevated from 12 to 48 h. However, maximal secretion was reduced by 30 % in shTLR3 cells as compared to vHBE cells (Fig. 2b) . Unlike IL-6 or RANTES where no basal secretion was detected in the media, basal TLR2 protein expression was measurable in the cell lysates. Induction of TLR2 expression following poly I:C treatment was evident after 12 h, reaching its maximum at 24 h (Fig. 2c ). Poly I:C induction of TLR2 expression was significantly blocked in shTLR3 cells (Fig. 2c ).
Poly I:C elicited Stat3 and NF-ĸB activation critical for up-regulation of TLR2 expression
The kinetics of NF-ĸB and Stat3 activation in relation to TLR2 protein expression was analyzed by immunoblotting celllysates from HBE cells without and with poly I:C (10 μg/ml) stimulation at various time points (0.5, 1, 3, 6, 12, 24, 48 h) using anti-phospho-Stat3 (Tyr705) and anti-phospho-NF-ĸB-p65 antibodies, followed by stripping and re-probing with anti-TLR2 and anti-β tubulin antibodies (Fig. 3a) . Phosphorylation of NF-ĸB-p65 was detected at early time points and maximum activation was attained within 1 h, then steadily declining until recovering activity again at 48 h. Similarly, poly I:C stimulation strongly induced Stat3 phosphorylation, but not until 3 h after stimulation and was sustained for the entire duration of poly I:C exposure (48 h). The effect of varying concentrations of IL-6 Fig. 2 Effect of TLR3 silencing on the kinetics of selected cytokine and TLR2 secretion stimulated by Poly I:C (10 μg/ml): a; IL-6 and b; RANTES released into the media over 48 h were measured by ELISA. TLR2-protein expression (c) was measured by ELISA in cell lysates. Each data point represents as the mean ± SE (n06) for vHBE and shTLR3 cells on Stat3 phosphorylation is shown in Fig. 3b . The threshold concentration for Stat3 activation was estimated at 1 ng/ml, approximately 5 fold higher than the maximum concentration of IL-6 detected in the extracellular media 12 h following Poly I:C stimulation (Fig 2a) . A western blot showing IL-6Rα protein expression before and after Poly I:C stimulation is presented in Fig. 3c . The results indicate that Poly I:C does not alter the expression of the IL-6 receptor.
The effect of blocking the IL-6-Jak2-Stat3 signaling pathway on Stat3 phosphorylation is shown in Fig. 4a . HBE cells were pretreated with either IL-6Rα neutralizing antibody (IL-6Rα-nAb, 10 μg/ml), IL-6Rα isotype control antibody (IL-6Rα-isotype cAb, AB-108-C, 10 μg/ml) the Stat3 blocker, 5,15-diphenylporphine (5,15-DPP-50 μM) or the Jak2 blocker, AG490 (50 μM) and the NK-kB inhibitor (Bay11-7032, 1 μM) for 2 h, followed by stimulation with IL-6 (20 ng/ml) or poly I:C (10 μg/ml) for 3 h when cell lysates were collected and compared to untreated control cells and cells treated with IL-6 (20 ng/ml) and poly I:C (10 μg/ml) for 3 h without IL-6Rα-nAb, 5,15-DPP or AG490. Stat3 phosphorylation was then determined by western blotting. Densitometry analysis revealed that treatment with poly I:C augmented Stat3-phosphorylation by 4.27 fold, compared to untreated controls. However, when cells were incubated with IL-6Rα-nAb, but not IL-6Rα-isotype cAb prior to poly I:C stimulation, Stat3 phosphorylation was significantly blocked (Fig. 4a) . Pharmacological inhibitors of Stat3 phosphorylation (5,15-DPP) and Jak2 (AG490) essentially abolished poly I:C-induced Stat3 activation. Similarly, exogenously added IL-6 also increased Stat3 phosphorylation by 6.5 fold compared to untreated controls and pretreatment with IL-6Rα-nAbn but not IL-6Rα-isotype cAb, significantly inhibited the increase in Stat3 phosphorylation evoked by IL-6. Treatment with 5,15-DPP or AG490 also blocked the effects of IL-6 on Stat3 phosphorylation (Fig 4b) . TLR2 up-regulation by poly I:C was dependent on IL-6-Jak2-Stat3 and NF-kB pathways Initially, HBE cells were pretreated with IL-6Rα-nAb (10 μg/ ml), IL-6Rα-isotype cAb (10 μg/ml) Stat3 blocker (5,15-DPP; 50 μM) or Jak2 blocker (AG490; 50 μM) for 2 h, followed by poly I:C (10 μg/ml) treatment for 24 h before whole cell lysates were collected. Cell lysates were also obtained from vehicle-treated control cells and poly I:C (10 μg/ml) stimulated cells for 24 h without pretreatment. TLR2-protein expression was then measured by ELISA (Fig. 5a ). Poly I:C-induced TLR2 expression was significantly reduced after pharmacological inhibition of NF-ĸB and Jak2-Stat3 pathways. In addition, treatment with IL-6Rα-nAb also blocked the effect of poly I:C on TLR2 up-regulation (Fig. 5a ) as did 5,15-DPP AG490 and Bay11-7032, indicating that increased expression of TLR2 evoked by poly I:C is dependent on the activation of the IL-6-Jak2-Stat3 signaling pathway. In contrast, stimulation with exogenous IL-6 failed to significantly increase TLR2 expression, indicating that activation of the Stat3 pathway without stimulating NF-κB phosphorylation is not sufficient to regulate TLR2 expression.
Poly I:C induced RANTES and IL-6 secretion is differentially regulated by Stat3 and NF-κB HBE cells pretreated with IL-6Rα -nAb (10 μg/ml), IL-6Rα isotype cAb (10 μg/ml), 5,15-DPP (50 μM), AG490 (50 μM) or Bay11-7032 (1 μM) for 2 h were stimulated with poly I:C (10 μg/ml) for 24 h before collecting the culture media. Media was also collected from vehicle-treated control cells and cells treated with poly I:C (10 μg/ml) for 24 h without pretreating them with IL-6Rα -nAb, IL-6Rα isotype cAb, Stat3, Jak2 and NF-κB blockers. The level of RANTES (Fig. 5b ) and IL-6 (Fig. 5c) protein secretion into the media was determined by ELISA using commercially available kits. Treatment of the cells with the NF-κB blocker significantly reduced IL-6 and RANTES secretion in HBE cells exposed to poly I:C. Unlike IL-6, RANTES induction by poly I:C was not affected by Stat3 or Jak2 inhibition, or by the neutralizing antibody directed against the IL-6 receptor.
Discussion
In a previous investigation involving the effects of hog confinement dust on human airway epithelial cells, TLR2 mRNA Fig. 5 Effects of IL-6Rα neutralizing antibody, IL-6Rα isotype cAb, Jak2 and transcription factor inhibitors on poly I:C-induced TLR2, RANTES and IL-6 protein expression: a; TLR2 expression in cell lysates: Stimulation of HBE cells with vehicle, poly I:C(10 μg/ml); IL-6Rα-nAb (10 μg/ml) + poly I:C (10 μg/ml); IL-6Rα isotype cAb (10 μg/ml) + poly I:C (10 μg/ml); Stat3 blocker (5,15-DPP-50 μM + poly I:C (10 μg/ml), Jak2 blocker (AG490, 50 μM + poly I:C (10 μg/ ml) or NF-kB blocker (Bay11-7032, 1 μM + poly I:C (10 μg/ml) for 24 h inhibited TLR2 protein expression. Stimulation with IL-6 (20 ng/ ml) or pretreatment with IL-6Rα-nAb + IL-6 (20 ng/ml) did not significantly affect TLR2 expression (n≥6; (* significantly different from vehicle control, IL-6Rα-nAb, 5,15-DPP, AG490, Bay11-7032 and IL-6 treated conditions). b; Effects of pretreatment with IL-6Rα-nAb (10 μg/ml) + poly I:C (10 μg/ml), Stat3 blocker (5,15-DPP-50 μM + poly I:C (10 μg/ml), Jak2 blocker (AG490, 50 μM + poly I:C (10 μg/ml)) and NF-κB blocker (Bay11-7032, 1 μM + poly I:C (10 μg/ml) for 24 h on RANTES protein secretion (n≥6 for each condition; (* significantly different from poly I:C, IL-6Rα-nAb + poly I:C, IL-6Rα isotype cAb+poly I:C, 5,15-DPP+poly I:C conditions). c; Effects of pretreatment conditions described in part B for 24 h on IL-6 protein secretion (n≥6 for each condition; * significantly different from poly I:C and IL-6Rα isotype cAb + poly I:C, conditions) Fig. 4 Effects of IL-6Rα neutralizing antibody, isotype control antibody, Jak2 and Stat3 inhibitors on Poly I:C/IL-6-induced Stat3 phosphorylation: a; Western blot showing Stat3 activation (Tyr705) in lane 1) vehicle treated HBE cells; lane 2) poly I:C (10 μg/ml) treated cells for 3 h; lane 3) IL-6Rα isotype control antibody (IL-6Rα isotype cAb) + poly I:C (10 μg/ml); lane 4) IL-6Rα neutralizing antibody (IL-6Rα-nAb-10 μg/ml) + poly I:C (10 μg/ml);, lane 5) Stat3 blocker-5,15-diphenylporphine (5,15-DPP-50 μM) + poly I:C (10 μg/ml) and lane 6) Jak2 blocker-(AG490, 50 μM) + poly I:C (10 μg/ml). The relative signal intensity was quantified using image J 1.42 software (NIH) and the mean ± SE of three independent blots were plotted in the bar graph (* significantly different from vehicle control, IL-6Rα-nAb, 5,15-DPP and AG490 treated conditions). b; Western blot showing Stat3 (Tyr705) phosphorylation in response to exogenously added IL-6; lane 1) vehicle treated HBE cells; lane 2) IL-6 (20 ng/ml) treated for 3 h; lane 3) IL-6Rα isotype cAb (10 μg/ml) + IL-6 (20 ng/ml); lane 4) IL-6Rα neutralizing antibody (IL-6Rα-nAb-10 μg/ml) + IL-6 (20 ng/ml); lane 5) Stat3 blocker-5,15-diphenylporphine (5,15-DPP-50 μM) + IL-6 (20 ng/ml) and lane 6) Jak2 blocker-(AG490, 50 μM) + IL-6 (20 ng/ ml). Relative signal intensity was determined using image J 1.42 software and the mean ± SE of three independent blots are shown in the bar graph (* significantly different from vehicle control, 5, and protein expression were shown to increase by 3-5 fold. Inhibition of IL-6 production significantly reduced TLR2 mRNA expression evoked by hog dust extract, suggesting a role for IL-6 in the regulation of TLR2 expression (Bailey et al. 2008 ). In addition, TNFα and INF-γ were shown to act synergistically to increase TLR2 expression, a response that was markedly enhanced following treatment with dexamethasone (Homma et al. 2004) . Although the precise mechanism responsible for potentiation by dexamethasone remains to be elucidated, the data from this study and others (Matsuguchi et al. 2000; Matsumura et al. 2003; Kumar et al. 2006; Matsukura et al. 2006; Satta et al. 2008; Lim et al. 2009 ) have suggested the involvement of the NF-κB signaling pathway in TLR2 upregulation. In the present study, inhibition of NF-κB activation with Bay11-7032 abolished the poly I:C-dependent increase in TLR2 protein expression as well as IL-6 and RANTES, but did not affect basal levels of TLR2 protein within the cell lysate. Moreover, inhibition of Stat3 phosphorylation also abrogated poly I:C evoked up-regulation of TLR2, suggesting an important role for this transcription factor in the control of TLR2 expression. At the present time, a direct signaling pathway linking TLR3 activation to Stat3 phosphorylation has not been defined in airway epithelial cells. In contrast to what was observed for TLR2 expression, Stat3 phosphorylation was not required to stimulate RANTES. Previous studies in BEAS-2B cells showed that double stranded RNA activated both NF-κB and IRF3, which function cooperatively to regulate RANTES mRNA transcription (Ieki et al. 2004) . Although the results of the present study show that inhibition of NF-κB phosphorylation in HBE cells is sufficient to abolish RANTES expression, they do not exclude the possibility that IRF3 is also required for stimulation of RANTES following treatment with poly I:C.
Earlier experiments using human squamous cell carcinoma cell lines (HN6, HN12, HN13, and HN30) and immortalized human keratinocytes, showed that NF-κB blockade inhibited Stat3 activation, suggesting the existence of cross-talk between NF-κB and Stat3 signaling pathways (Squarize et al. 2006) . In the present study, we tested the hypothesis that the dependence of TLR2 expression on Stat3 activation involved the release of IL-6 and subsequent autocrine stimulation of endogenous IL-6 receptors that directly control the phosphorylation state of Stat3. Analysis of the time course results following poly I:C stimulation reveals rapid IL-6 mRNA transcription and protein synthesis leading to significant levels of secretion after a period of 3 h and maximal, sustained secretion after 12 h. Associated with elevated IL-6 secretion was an increase in Stat3 phosphorylation at 3 h followed by a time-dependent decrease in phosphorylation over the next 48 h of poly I:C exposure. We speculate that this time-dependent decrease in Stat3 phosphorylation could be due to receptor down-regulation, or perhaps uncoupling of the receptor from downstream activation of Jak2, or an increase in phosphatase activity. In spite of this effect, it is worth noting that Stat3 phosphorylation was enhanced throughout the following 48 h time period when increased TLR2 expression was detected. Moreover, we observed that stimulation of Stat3 phosphorylation by exogenously added IL-6 required a minimum concentration of 1 ng/ ml while the maximum concentration of IL-6 in the bulk extracellular media measured after poly I:C stimulation was less than 0.2 ng/ml. This level of IL-6 receptor sensitivity would indicate that autocrine release of IL-6 by airway epithelial cells results in a much higher ligand concentration within the unstirred fluid layer adjacent to the plasma membrane which appears to be necessary for receptor activation.
A model summarizing a possible mechanism accounting for the effects of poly I:C on TLR2 expression and cytokine secretion is shown in Fig. 6 . The data indicate that poly I:C binds to TLR3, stimulating a signaling cascade that results in activation of NF-κB which in turn stimulates the transcription, translation and subsequent secretion of IL-6. Once released into the extracellular media, IL-6 binds to its receptor on the plasma membrane, stimulating Jak-dependent phosphorylation of Stat3 and subsequent transcription of TLR2. Addition of exogenous IL-6 alone without TLR3 activation, produced phosphorylation of Stat3, but did not significantly increase TLR2 protein expression, indicating that Stat3 activation alone could not mimic the effects of poly I:C on TLR2 up-regulation. In contrast, inhibition of Stat3 phosphorylation did not affect RANTES secretion, demonstrating that autocrine feedback mediated by IL-6/ IL-6R produced differential regulation of cytokine and TLR expression. These findings support the conclusion that IL-6 is an essential, rapidly released cytokine that functions as an autocrine signaling molecule to induce Stat3 activation required for up-regulation of TLR2 expression in bronchial epithelial cells.
